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7. Duperron, S., Gaudron, S.M., Rodrigues, C.F., Cunha, M.R., Decker, C., and Olu, K. (2012). Mechanisms that keep track of time are essential for physiology and development. In higher organisms, including flies and mammals, steroid hormones are temporal signals that regulate developmental and physiological processes. In insects, the release of the steroid hormone ecdysone from the prothoracic gland -the major source of steroids -triggers metamorphosis [1, 2] . This process transforms the immature larva into a reproductively mature adult, akin to mammalian puberty. Environmental conditions, such as nutrition, temperature and daily cycles, have been known for many years to influence steroid production. An important goal has been to understand how these environmental signals are coordinated with steroid production to govern developmental timing. Important steps towards understanding how environmental parameters regulate steroid production have been made in studies of the fruit fly Drosophila [3] . In this issue of Current Biology, Di Cara and King-Jones [4] report that a circadian clock in the larval prothoracic gland of Drosophila is essential for the production of steroids. Di Cara and King-Jones [4] demonstrate that silencing of several of the conserved clock genes, including timeless (tim), period ( per), cycle (cyc) and clock (clk), specifically in the prothoracic gland results in a failure to produce the steroid pulse that triggers maturation. As a result, the animals fail to undergo metamorphosis and die ( Figure 1 ). What is intriguing about these findings is that extensive previous genetic analyses of circadian null mutants, which are completely arrhythmic, revealed no ecdysone deficiency phenotypes or other developmental defects, and these mutants produced viable fertile adults [5] . Since tissue-specific RNAi knockdown is a widely used method for studying gene function, it is important to understand the basis of this apparent paradox.
While some reports have found discrepancies between tissue-specific RNAi and their corresponding mutant phenotypes [6] [7] [8] , what distinguishes the Di Cara and King-Jones [4] study is the wealth of evidence to demonstrate that the phenomenon is not a result of RNAi off-target effects. The phenotypes observed in this study can be attributed to specific perturbation of the circadian clock in the prothoracic gland. First, the authors show that independent RNAi lines that target distinct sequences of the same gene result in comparable phenotypes, indicating that off-target effects are highly unlikely. The phenotypes are also rescued by expression of a fully functional tim allele that is impervious to the RNAi, and knockdown of several different clock genes each gives a more severe phenotype than the corresponding clock mutant. Lastly, ubiquitous RNAi knockdown of tim and per, which should be more comparable to the mutants, also results in weaker phenotypes than the tissue-specific RNAi knockdown. This is unlikely to be the result of a weak knockdown of clock genes in the prothoracic gland tissue when using the ubiquitous drivers, since in the prothoracic gland the expression levels of actin and tubulin, the promoters of which were used to drive ubiquitous RNAi, exceed that of phantom, the promoter of which was used for tissue-specific knockdown (based on RNA-seq data from this study).
Why are the tissue-specific RNAi phenotypes stronger than those of classic null mutants? One possibility is that compensation in the mutants and ubiquitous RNAi animals might arise from some other tissue. Further experiments in which knockdown is simultaneously targeted to the prothoracic gland and to one or more additional tissues may allow for the identification of a compensatory tissue. Recent work in zebrafish demonstrated that compensation involves the activation of presumably functionally related genes, but the mechanism causing the upregulation of such genes remains a mystery [9] . Activation of genetic compensatory mechanisms in mutants may protect against deleterious mutations and could explain the weaker phenotypes of mutants compared with RNAi knockdowns.
The strong effect of local disruption of the circadian clock in the prothoracic gland in the new study by Di Cara and King-Jones [4] may arise from a failure to synchronize the different clocks between tissues. The prothoracic gland possibly receives circadian input from at least two other clocks: firstly, via rhythmic release of the neuropeptide prothoracicotropic hormone (PTTH), which is dependent on the central brain clock; and secondly, via daily changes in insulin signaling, which is dependent on another peripheral clock in the fat body (functionally analogous to the A circadian clock in the endocrine prothoracic gland tissue regulates the production of the steroid hormone ecdysone in Drosophila. Tissue-specific RNAi knockdown of clock genes in the prothoracic gland impairs steroid production causing developmental lethality, while animals that have no clock at all and completely lack rhythmicity (null mutants and ubiquitous RNAi knockdowns) are viable, outlining an emerging paradox between tissue-specific loss-of-function and global loss-of-function phenotypes. PDF, pigment dispersing factor; PTTH, prothoracicotropic hormone.
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Current Biology Dispatches liver and adipose tissue in mammals). Similar to animals lacking a prothoracic gland clock, flies lacking a fat body clock display a stronger phenotype than classic clock mutants [10] . The mechanism underlying compensation in the mutants and global RNAi knockdowns may be complex and could also involve growth of the tissue. Di Cara and King-Jones [4] show that specific knockdown of tim in the prothoracic gland negatively affects its growth. The disproportionally small size of the gland relative to the size of the organism is stronger when tim is silenced specifically in the prothoracic gland compared with knockdown in the whole animal. Thus, in addition to the prothoracic gland clock being out of sync with other clocks in animals with tissue-specific knockdown, impaired growth of the gland may produce more harm in this situation. Of course, more detailed studies will be required to explain the molecular mechanisms by which compensation occurs. One important issue to resolve is whether the function of the genes is entirely lost in the genetically defined null mutants of the clock genes. Both tim 01 and per 01 null alleles create truncated forms of the proteins that have been defined by loss of rhythmicity. However, these mutant alleles could potentially retain some unknown function that is targeted by the RNAi. To address this issue would require generating clock gene mutants with clear deletions of the loci using other methods, such as CRISPR/Cas9. Although circadian rhythms have been linked to steroid levels in insects and mammals [11, 12] , this new work couples the circadian clock directly to steroid production and the developmental clock in endocrine cells. The molecular basis of the internal biological clock relies on daily oscillations of transcription factors encoded by the clock genes. This suggests that the circadian machinery in the prothoracic gland somehow regulates steroid production. Consistent with this notion, the authors show that TIM and PER also cycle in the prothoracic gland with a circadian rhythm and regulate the transcription of several ecdysone biosynthetic genes that peaks during night.
Interestingly, the circadian clock in the prothoracic gland is coupled directly to PTTH and insulin signaling, both of which are central pathways that regulate steroid production. PTTH is a brain-derived neuropeptide [13] that plays a role in regulating steroid production, similar to adrenocorticotropic hormone (ACTH) and gonadotropin-releasing hormone (GnRH) in mammals. Like ACTH, PTTH is periodically released and is itself under circadian control from central pacemaker neurons [11, 12] , equivalent to the neurons in the suprachiasmatic nucleus, the primary circadian pacemaker in mammals. The release of PTTH only occurs during a specific time window each day, a so-called photoperiodic gate. Di Cara and King-Jones [4] investigated whether the clock in the prothoracic gland interacts with PTTH signaling and found that it acts upstream of PTTH signaling through the PTTH receptor torso. Consistent with this notion, expression of torso is regulated by TIM. However, whether torso shows a cyclic circadian expression pattern in the prothoracic gland remains to be determined. In insects, both the onset of metamorphosis (pupariation) and emergence of the adult from the pupa (eclosion) are influenced by daily rhythms. The prothoracic gland clock appears to ensure that steroid release occurs primarily during the dark phase. In addition to regulating steroidogenesis, PTTH also promotes light-avoidance behavior during development [14] . The coupling of daily rhythms to PTTH and ecdysone may serve to ensure pupariation and eclosion under environmental conditions that optimize survival. Surprisingly, while loss of either insulin signaling or tim in the prothoracic gland reduces steroidogenesis, reducing both together derepresses the expression of ecdysone-producing genes by an unknown mechanism [4] . This argues that the prothoracic gland clock is downstream of insulin signaling and is synchronized with circulating insulin levels.
This report raises several other interesting new questions. In particular, it remains unclear how much of the steroidogenic machinery is under circadian regulation. Coordinating the release of steroids into circulation can be regulated at multiple levels, including the delivery of cholesterol substrate, steroid biosynthesis, and the release of steroids into circulation. Indeed, knockdown of tim and per in the prothoracic gland reduces the expression of genes involved in the transport of cholesterol for steroidogenesis, raising the possibility that the clock coordinates cholesterol delivery and steroidogenic pathway activity [4] . Another issue is whether the clock might control ecdysone release. Recently, it was discovered that the secretion of ecdysone from the prothoracic gland involves a vesicle-mediated mechanism controlled by calcium signaling [15] . Daily oscillations in calcium spiking have been observed in the pupal prothoracic gland [16] . The circadian clock may therefore also coordinate the release of ecdysone according to the time of day.
Previous studies have found that nutritional signals, including insulin, that reflect the metabolic status of the organism are integrated directly by the prothoracic gland [17, 18] . Di Cara and King-Jones [4] demonstrate that these endocrine cells also harbor a circadian clock enabling input of another important environmental parameter, namely light, into the steroidogenic decision process. This places the insect prothoracic gland as the central integrator of environmental signals that modulate the progression of juveniles to the adult stage. This work is an important contribution to our understanding of the mechanisms synchronizing circadian clocks with developmental clocks and daily oscillations in steroid levels. It also represents a comprehensive demonstration of an emerging paradox between the phenotypic differences of tissue-specific RNAi and mutants for some genes, where partial tissue-specific loss-of-function causes more severe defects than mutations that completely disrupt gene function.
